We have performed numerical simulations of the effects of atmospheric seeing distortions on observations of solar oscillations of intermediate and high degree. The simulations involve a representation of about 100 p-modes of oscillation, with degrees / of 50 to 150 (intermediate-degree) and 150 to 450 (high-degree), formed from the complement of a sexated mode set. These modes are superposed on a steady large-scale convective background, and projected onto the plane of the sky. Image motion is modeled by displacement maps generated from two-dimensional turbulence power spectra; the maps are scaled so that the rms amplitude of the displacements has values of 2" to 5". The distorted velocity field is then Fourier analyzed to produce simulated (/, v) power diagrams, where v is the temporal cyclic frequency. The results show that power in the mode ridges is diminished as atmospheric seeing worsens, particularly at high degrees. Redistribution of power produces an apparent decrease in the frequencies of the oscillations as measured by the centroids of the ridges in the power spectra. We find that time-averaging the observations is quite effective in reducing the noise.
INTRODUCTION
Observations of solar oscillations are capable of providing information about the stratification and dynamics of the Sun's interior. Deductions about interior properties depend to a large extent on the precision with which the frequencies of the oscillations can be measured. This precision is influenced by a number of processes that can alter the observed solar frequencies and thus contribute a form of noise to the analysis. Two of these processes are the distortions of the solar image by terrestrial atmospheric seeing, and the beating of unresolved modes in the spectrum of the oscillations. Here we concentrate on the effects of seeing, coupled with a steady solar background velocity field such as supergranulation, on observations of intermediate-and high-degree 5 minute oscillations. An earlier and simpler version of this study has been reported by Hill (1984) , and a preliminary account presented in the report by Noyes & Rhodes (1984, pp. 25 & 37) .
All ground-based observations of solar 5 minute oscillations are affected by turbulence in the Earth's atmosphere. Turbulent motions mix^ the thermally stratified air mass, thereby producing intermittent fluctuations in refractive index that 1 Postal address: National Solar Observatory, National Optical Astronomy Observatory, P.O. Box 26732, Tuscon, AZ 85726-6732. 2 Operated by the Association of Universities for Research in Astronomy, Inc. under contract with the National Science Foundation. 3 Postal address: Institute of Astronomy, Madingley Road, Cambridge, CB3 0HA, England. 4 Postal address: 129-2219 Main Mall, Department of Geophysics and Astronomy, University of British Columbia, Vancouver, B.C., Canada V6T 1Y6. 5 Postal address: Joint Institute for Laboratory Astrophysics, University of Colorado, Boulder, CO 80309-0440. deflect light in a complicated way, producing intricate variations of amplitude and phase in what started out as simple plane waves (e.g., Coulman & Hall 1967; Lawrence 1976) . Since fluid turbulence is statistical in nature, so is the optical turbulence it produces. It leads to what is usually called " atmospheric seeing," which consists of random image distortions and blurring.
There exists a large body of theoretical and observational studies of the nature of atmospheric turbulence and its impact on astronomical imaging. We do not review the literature here, but only mention some of the results relevant to our study. Several measures of the quality of the seeing have been developed. One of these is the transverse coherence length, r 0 , which is the characteristic diameter of an aperture over which a plane wave front is essentially undistorted (Fried 1965; Fried & Mevers 1974) . Typical values of r 0 range from 5 to 15 cm, the higher values being associated with better seeing. A similar concept is the isoplanatic patch, which is the angular extent of an essentially undistorted portion of the image. Good seeing corresponds to an isoplanatic patch diameter of 2" to 4" at the zenith (e.g.. Fried 1975 Fried , 1976 Hardy 1981) . Other measures of seeing quality are the modulation transfer function of the atmosphere, which describes the attenuation of spatial frequencies in an image (Hufnagel & Stanley 1964; Aime et al. 1978) , and the index-of-refraction structure parameter which measures variations with height of fluctuations in the refractive index (Bufton et al. 1972) .
Studies of atmospheric turbulence have shown that the temporal energy spectrum follows the Kolmogorov power law co~5 l \ except at low frequencies co (e.g., Forbes 1982; Young 1974) . Power spectra of optical turbulence have been measured directly and show evidence of similar behavior (e.g. , Brandt 1969; Fossat, Grec, & Harvey 1981) . Comparable spatial power spectra have not been measured, but recourse to turbulence theory suggests that spatial and temporal spectra of image displacements have a similar character.
Observational studies of seeing have used a variety of techniques. These include the measurement of the profile of star trails (Moroder & Righini 1973; Walters, Favier, & Hines 1979; Walters 1981 ; Walters & Kunkel 1981) , measurements of the position of the solar limb (Brandt 1969 (Brandt , 1970 Fossat et al. 1977 Fossat et al. ,1981 Colgate & Moore 1975; Borgnino & Vernin 1978) , microthermal measurements of the Earth's atmosphere (Coulman 1969 (Coulman , 1974 Barletti et al. 1976 Barletti et al. , 1977a Barletti et al. , 1977b Bufton et al. 1972) , interferometry (Roddier & Roddier 1973 Roddier 1976) , astrometric measurements of stellar images (KenKnight et al. 1977) , angle-of-arrival statistics (Borgnino et al. 1979) , power-spectrum attenuation (Aime, Ricort, & Grec 1977; von der Lühe 1984) , or a combination of several of these techniques (Borgnino et al. 1982) .
We begin to assess here the effects of atmospheric seeing upon observations of 5 minute solar oscillations carried out from the ground. Our motivation was originally to provide a baseline estimate of the scientific benefits that might accrue if one were able to observe the same oscillations from space. A careful (realistic) assessment is not a simple undertaking, for there are wide variations between the seeing experienced at different observing sites, and also at different times at any one site. Moreover, seeing produces image distortions that are often truly nonlinear, with light paths crossing or focusing onto caustics. The reliable modeling of atmospheric seeing suffers many of the intrinsic difficulties of turbulence theory itself (e.g., Roddier 1981), depending critically upon the description of the highly nonlinear dynamics of the atmosphere. The results of our quite naive simulation must therefore tie viewed with some caution.
METHODS OF SIMULATION
Our assessment is based on numerical simulations of coherent solar oscillations on a background of steady supergranular flow viewed through a distorting atmosphere that is varying in both space and time. The simulations have dealt separately with both high-and intermediate-degree modes of oscillation, which we expect to be more gravely influenced by atmospheric seeing than the low-degree modes. The simulations consisted of: (a) constructing synthetic velocity data sets representing the superposition of many oscillation modes as they may appear on the surface of the Sun, augmented with a steady large-scale convective flow field; (b) observing the total velocity field though an atmosphere that deflects light paths in a stochastic manner across the field of view; (c) reducing the observations with Fourier transforms to obtain (/, v) power spectra, and then estimating the dependence of the signal-to-noise ratio in the spectra on the quality of the seeing; and (d) measuring the positions of the ridges in the power spectra, and assessing the magnitude of their displacements from the input frequencies. We now discuss these four elements of the simulations in more detail, and then we present the results.
Synthetic Velocity Fields
The artificial solar velocity field is composed of an oscillatory and a steady component. The oscillatory component is a superposition of a selection of nonradial modes which, for convenience, were assigned cyclic frequencies v = v nl given by where 2nv 0 = (GM/R 3 ) 1/2 , M and R being the mass and radius of the Sun and G being the gravitational constant. Formally, there are the frequencies of modes of order n and high degree / in an adiabatically stratified polytropic envelope of index 3 (see Deubner & Gough 1984) . We have selected modes with n = 0 and n = 1 ; the former correspond to /-modes, and the latter to Pi-modes. To obviate problems with mode beating, we have selected only sectoral modes. Their surface velocities were taken to be purely radial, which is a good approximation for p modes, having values with respect to polar angles (0, (/>) Vni =VP , i (cos 0) cos (14> -2nv nl t + ej , (2.2) where P l , is the associated Legendre function of the first kind and t is time. The phases e nl are constants which were selected randomly with a uniform probability distribution, and, for simplicity, we took the amplitude K to be a constant.
For each simulation the velocities were evaluated at 512 instants separated by intervals of 1 minute. The total time span is about 8.5 hr, comparable with what is typically achievable in a day at a single mid-latitude ground-based observatory. The velocities were projected onto a rectangular observing grid of 256 x 32 uniformly distributed contiguous square pixels, each covering an area of 7" x 7". The observing window was aligned with the equator, as sketched in Figure 1 . It is thus suitable for detecting sectoral modes, and is similar to those used, for example, by Deubner, Ulrich, & Rhodes (1979) and Hill, Toomre, & November (1983) . It was assumed that the detectors record only the line-of-sight component of velocity, as would be the case for a Doppler measurement. In carrying out the projections, the curvature of the lines of longitude was ignored because the range of 6 in the observing window is small: the coordinates (x, y) in Figure 1 are therefore presumed to be related to (0, </>) according to x = R sin 0 , y = R0 .
( 2.3)
The oscillatory velocity field was constructed from a superposition of velocities (2.2) at increments of 6 in /. Since the resolution in / of our observing window is formally 2.6, mode beating should not have been severe. We have selected only portions of the oscillation spectrum for study: a portion with 48 < / < 150 containing 18 modes for each n, which we designate the intermediate-degree range, and a portion with 150 </ < 450 containing 51 modes for each n, which we designate the high-degree range. The amplitude V was chosen to be 1ms"
1 . This value was obtained from an estimate of the mean power expected from a group of incoherent modes of identical frequency, each with amplitude equal to the rms Doppler velocity of solar 5 minute modes estimated by ChristensenDalsgaard & Gough (1982) from the observations of Fossat & Ricort (1975) , taking due account of the sensitivity of the observing method analyzed in this simulation. For the purposes of the estimate, each group was considered to contain six replications (to correct for the cadence of 6 in /) of the modes of like azimuthal order l and of degree greater than or equal to /. (The azimuthal order is picked out by the Fourier transform carried out with respect to the coordinate x; we have labeled it with the symbol /, usually used to signify degree, because the sectoral and nearly sectoral modes dominate the signal.)
In most of our simulations a steady background velocity field was added to the oscillatory component, to represent large-scale convective flow such as that of supergranulation. It was constructed as a function of x and y from its Fourier transform
where k = (kl + ky) 1/2 is the magnitude of the wavenumber k, k c /2n = (40")"\ and ajln = (35")"L The complex amplitude A was chosen randomly in each wavenumber bin from a Gaussian probability distribution with zero mean and constant variance. The exponential factor in (2.4) is present to concentrate the spectrum in the vicinity of k = k c . It yields a small magnitude of V when k is small; this property was desired because the horizontally averaged momentum flux of steady large-scale convective flow is zero, and therefore the horizontally averaged Doppler velocity is likely to be much less than the corresponding rms. Two scalar realizations, with the same amplitudes but different phases, were chosen to represent the horizontal (x) and vertical (z) components; only the x component of the horizontal velocity is required, because within the approximation (2.3) the y component has no line-ofsight projection. The power spectra were inverted by twodimensional fast Fourier transforms, and, before projecting onto the line of sight, the resulting x and z velocity components were separately scaled to render their rms amplitudes 300 and 30 m s " ^ respectively.
Modeling the Seeing Distortion
Our simple model of seeing incorporates only image displacements. Thus we assume that the diameter of the telescope objective is much smaller than the transverse coherence length, and we ignore blurring. Moreover we assume the seeing to be weak, in the sense that it is a good approximation to assume that, from each point on the Sun within the field of view, there is a unique light ray to the image, as would be the case if the vertical extent of the distorting region in the atmosphere were small. We incorporated the model by processing the image with a seeing matrix, whose function is to displace by an amount [(£(x, y) , rj(x, y)], without rotation, the signal that in the absence of seeing would have been received by the pixel centered at (x, y). Each resulting signal, which is presumed to be uniformly distributed across the displaced 7" x 7" square, is distributed amongst the four pixels it overlaps in proportion to the areas of overlap.
Instantaneous seeing matrices were constructed from their two-dimensional Fourier transforms
(2.5)
The real scaling function F(k) is intended to represent the onedimensional spectrum of refractive-index fluctuations with respect to the magnitude k of the wavenumber. It was chosen to be unity between two values k 0 and k l9 which represent the scales between which the turbulence is driven. For k> k l9 a, Kolmogorov spectrum F 2 = (k/k^-513 was adopted. No additional high-wavenumber cutoff due to finite telescope size was imposed, because we assume that the resolution length of the solar image is much less than the pixel size. Accurate telescope guiding presumably compensates for seeing displacements of very large spatial scale, so F(fc)->0 as k->0; we arbitrarily chose F = exp {-iDogio (k/2n) -log 10 (k 0 /2ny] 2 } for k < k 0 . The vector function B(k) has the form
with B(-k) = B(k) to ensure the reality of E. The geometrical factor (47ck 2 )" 1/2 takes account of the conversion from onedimensional k-space to three-dimensional k-space; the factor (k x9 k y ) arises because seeing displacements, which are proportional to angle-of-arrival fluctuations, are also proportional to the horizontal gradient of the vertically integrated refractive-index fluctuations (e.g., Roddier 1981) . The scalar quantity B 9 which generates the statistical realizations of the seeing map, was determined in each wavenumber bin to be a Gaussian-distributed random number with zero mean and a fixed variance, whose value was chosen such as to yield an rms seeing displacement of <5. In practice, the real and imaginary components of the vector B were each found as the real and imaginary parts of a random complex scalar function with Gaussian-distributed magnitude and uniformly distributed phase. The displacement arrays so generated are similar in concept to the " speed maps " that have been developed in the context of correlation-tracker techniques of image restoration (November 1986 ). One can consider a variety of seeing conditions by varying the wavenumbers k 0 and k 1 determining F, and the rms amplitude ô of the seeing displacements.
Seeing displacements also vary randomly in time. The correlation time at any point is no more than about 5 s, much less than the 60 s sampling interval of the Doppler velocities. We have incorporated this property in our simulations by distorting each of our velocity fields with a spatial displacement array selected randomly from a set of 64 arrays. Using a singledisplacement array mimics observations with short exposures. We modeled observations with long exposures by applying several randomly selected image displacements to each velocity field and then averaging the distorted images; in all cases discussed in this paper, four such distorted images were averaged.
Our simulations perhaps represent an optimistic view of what might be achieved from ground-based measurements, for we have ignored other sources of noise, such as the influence of fluctuations in the atmospheric transmission of radiative intensity on the determination of Doppler velocity, and all the measurement uncertainties in deducing velocities from limited sampling of spectral-line displacements. These issues depend on the design of the Doppler analyzer that is used. Moreover, we recall that our synthetic solar velocity fields were constructed in such a way that there is hardly any interference between spatially unresolved modes. Of course, in reality, limitations imposed by mode beating apply also to measurements carried out in space, though these are somewhat less severe because there is no atmospheric distortion projecting the spatial variation of one mode onto that of another.
Analyzing the Observations
The velocity fields that had been subjected to seeing distortions were analyzed to determine how the power in the oscillations may have been redistributed in both frequency and wavenumber. Each data set consists of 512 time samples of 256 x 32 spatial arrays. These were first averaged over the N-S coordinate y, as one might do to isolate the sectoral modes. Of course, our artificial oscillatory signal was constructed from only sectoral modes, but the signal from them is both weakened by the atmospheric distortion that projects their spatial structure onto that of the tesseral modes and contaminated by the distorted zero-frequency background field. For each time t, the resulting linear array was linearly interpolated from x onto a uniform grid of 256 intervals in polar angle 0, to correct for foreshortening, and multiplied by sec (¡) to convert line-of-sight measurement of a radial velocity into the actual velocity. The resulting data sets were Fourier transformed (using an FFT without oversampling) to obtain twodimensional power spectra in horizontal wavenumber (or equivalently degree /) and frequency v.
RESULTS
We assess the influence of atmospheric seeing from the power spectra. Except where stated to the contrary, the values of the wavenumbers determining the seeing spectrum are k 0 = 27r(20") _ 1 and = 2tc(10")" 1 , and the steady convective background was included in the synthetic solar velocity field.
Dependence on Seeing Displacement Amplitude
The dependence of the power spectrum on seeing displacement amplitude ô is illustrated in Figure 2 . Here, power spectra are displayed for Ô ranging from 0" to 5", both for the modes of intermediate degree and for the modes of high degree. In all cases long exposures have been used. The simulations reveal that atmospheric turbulence can severely degrade the Doppler velocity data, and clearly the high /-modes are affected the most seriously. The power spectra are influenced by seeing in two ways. First, seeing distortions of the oscillation wave forms cause some of the power to be moved away from its appropriate location in the (/, v) plane, particularly for oscilations with short horizontal wavelengths. Thus the ridges in power are eroded to such an extent that at the highest values of l they can no longer be seen. Moreover, the distortion of the ridges could bias estimates of the frequencies of the modes that contribute to the signal. Second, the random temporal variations in the image displacements cause the steady background convective flows to contribute to the time-varying signals. Therefore power is spread from zero frequency over a broad range of frequencies, producing the noisy background that appears in the power spectra as the seeing degenerates. The power in the steady background flow is greatest at the wave number k c = 2tc(40")" 1 , which corresponds to l = l c ~ 160. It is evident in Figure 2 that the background noise also has a maximum near l = l c . The spreading of power has a white temporal power spectrum. Consequently, except at v = 0, the background noise is independent of v.
In the absence of any seeing distortion, the only contribution to the signal from the steady convective flow comes from the component that is independent of y, since the data are averaged over y before the Fourier transform is carried out. However, when the image is distorted, the y-dependent components no longer have zero mean and contribute too. Indeed, these components dominate the background noise. This background is added to the signal from the true y-independent component (which is eroded somewhat by seeing) at v = 0, and since phase has no meaning at v = 0 the addition is coherent: the power of the total signal at v = 0 is proportional to the square of the sum of the two contributions, rather than the sum of the squares. Consequently, as is evident in the intermediatedegree power spectra in Figure 2 , which includes the axis v = 0, the zero-frequency power increases faster than the background noise for v > 0. In particular, in the example with ô = 5", the white background noise has an amplitude comparable with the true zero-frequency convective contribution (evident in the example with <5 = 0), and seeing has augmented the power at v = 0 by a factor of about 4.
Both these processes decrease the signal-to-noise ratio and hinder any attempt to make the accurate frequency determinations that are necessary for precise seismological investigations of the Sun. Further, notice the existence of ghost ridges to the right of the main ridges in the right-hand panels in Figure  2 . These are particularly strong at high /. They are an unavoidable consequence of foreshortening and result from effectively adding spurious signal at high / through the projection from the uniform grid in x onto the uniform grid in ÿ in the severely undersampled extremities of the observing window.
Exposure and Super granular Velocities
That the background noise in the power spectra is produced mainly by the steady background convective flow is demonstrated in Figure 3 , in which short exposures of the same synthetic oscillatory solar velocity field with and without the steady background flow are compared. The ridges are hardly visible in the presence of the background flow. We present also the power spectrum of the velocity field with the steady background flow included, but observed with long exposures (Fig.  3c) . In this case the visibility of the ridges is substantially increased. We have also further increased the exposure, by averaging eight distorted images before processing. The result is superficially similar to that obtained from averaging four images. Figure 4 illustrates the results of changing the form F(k) of the seeing spectrum by varying k 0 and k x at fixed rms displacement amplitude ô. We have chosen examples in which the steady background flow is absent from the synthetic solar velocity field, in order to isolate the direct effect of the seeing on the signal obtained from the modes. The synthetic solar velocity is the same in all three cases.
Effects of the Spectrum of Turbulence
The most prominent effect is the obliteration of the high-/ ends of the ridges, especially when k 0 and /q are small (Fig. 4c ). It appears that as the correlation length of the seeing displacement increases, the more coherent differential stretching of the wave form causes a greater spreading of power in the signal. At the highest values of k 0 and illustrated (Fig. 4a) , the spread- ing is weak enough for the background power to be discernably greater in the vicinity of the ridges. 3.4. Signal-to-Noise Ratio We have computed the signal-to-noise ratio S from the power P r in a small box centered on a ridge and the background power P b in a similar box located away from the ridge, according to P -P S = (3.1) * b
The dependence of S on both / and seeing amplitude is shown in Figure 5 for the /-mode ridge. With short exposures analyzed in Figure 5a , S for both ridges typically decreases by a factor of 2 or 3 as the seeing amplitude changes from 2" to 3", and by a further factor of 3 in changing from 3" to 4". With 5" seeing, the signal at / = 200 is hardly discernible above the background. Long exposures (Fig. 5b) mitigate the effects of seeing somewhat, increasing S by some 50% at 2", and by a factor of about 2 at seeing amplitudes of 3" and 4". However, even with the longer exposure, there is no useful signal in the vicinity of / = 200 when the seeing amplitude is 5".
We estimate that what we designate as 2" seeing corresponds to excellent seeing conditions, rarely encountered at most observatories, while 3" seeing is more typical of a day of consistently good seeing; 4" seeing represents conditions that are often encountered under turbulent conditions. Our simulated seeing amplitudes do not necessarily correspond precisely to the true amplitudes, for we can adjust the form of the image displacement power spectra and thus somewhat worsen or improve the final (/, v) power diagrams shown here. However, the changes are systematic and gradual across the matrix of seeing parameters that we have sampled, and we hope we have chosen parameters for the illustrations here that are not unrepresentative of atmospheric conditions.
Ridge Fitting
We have fitted splines to the centroids of the ridges in the power spectra, by the method described by Hill, Gough, & Toomre (1984a, b) , in an attempt to recover the original dispersion relation (2.1). We note first that, even with no seeing, perfect recovery was not possible. The error is illustrated in Figure 6 . We presume that it arises from the bias resulting from the finite sampling by the FFT of the peaks in the true power spectrum, which has not been completely cancelled by the spline fits. Because the FFT samples the true power spectrum at points separated by the characteristic width of the window function, the precise locations and heights of the peaks are generally not given by the peaks in the FFT. To estimate the effect of seeing, we have therefore chosen to display in Figures 7 and 8 the differences between the frequencies inferred from the ridge-fitting procedure with and without seeing. The differences are generally somewhat larger for the/modes. Notice that the ridge fits usually underestimate the frequency at given /. This is not surprising, for, as is evident in Figure 2 , the ridges are spread out preferentially on the high-/ (low-v) side as a result of the projection of the foreshortened images. This is particularly severe at the highest values of l considered.
On the whole, increasing the seeing amplitude ô increases the errors in the frequency estimates from the ridge fitting. As expected, seeing has a greater impact on the high-degree modes than on the modes of intermediate degree. Moreover, its effect is substantially reduced by the averaging over long exposures. Our simulations suggest that it is not until ô > 3" that seeing distortions have a significantly deleterious effect on the observations, at least for modes with / < 400. In the case of the /-mode ridge at high degree, the degradation of the signal is then quite rapid, and when ô = 4" the power from the oscillation is comparable with that from the steady background flow; the signal-to-noise ratio is about unity, and the ridge-fit is very severely influenced by random fluctuations from the seeing.
Some of the features in Figures 6-8 result directly from the spline-fitting procedure, such as the end effects evident in many of the curves and the oscillatory behavior which is a function of the positioning of the knots.
It should be appreciated that what is most directly related to the errors in any determination of large-scale subsurface flow velocity is not the frequency error as a function of /, but the error in the horizontal phase velocity 2nAv/k as a function of the characteristic penetration depth of the mode (the lower turning point in the case of a p mode, k~1 in the case of an /mode, where k = IR -1 is the horizontal wavenumber in the photosphere). When variables, it is then the case that on the whole the greatest errors arise at the low-degree ends of the ridges (Fig. 9) . For the ridge, for example, the error is no greater than 100 m s" 1 for modes that penetrate to 50 Mm or less, but then it increases rapidly to more than 500 m s _1 at the very end of the ridge. Much of this error seems to arise from our ridge-fitting procedure; it is therefore encumbent upon us to try to improve our methods of analyzing the data. Finally, we must point out that the errors in 2nAv/k do not translate directly into errors in the inferred velocity. If the random errors are poorly correlated, the actual errors in the velocity based on inverting data from a single ridge (for both positive and negative frequency) are substantially greater, though they are decreased somewhat by using modes from several ridges. However, systematic errors such as those arising from foreshortening largely cancel and degrade the inferences to a lesser degree than one might first expect from these simulations.
CONCLUSIONS
The distribution of power along the ridges in the (/, v) diagram is influenced both by viewing only a limited portion of a spherical surface from a single vantage point and by the distortions of that view by atmospheric turbulence. The signalto-noise ratio S in the resulting observations deteriorates as the seeing worsens, particularly at high values of /. For example, we have found that at / = 75, S is reduced by more than a factor of 2 if the seeing amplitude increases from 2" to 4", provided long exposures are used. The deterioration is more severe for short exposures. Intermediate-degree modes are still visible when the displacement amplitude is 5". However, for modes with / > 200, we find a reduction in S by more than a factor of 4 as the seeing displacement amplitude increases from 2" to 4"; and at 5" seeing has almost obliterated the information about the oscillations. At higher values of /, one requires better seeing to be able to make useful estimates of the frequencies of oscillation.
We have estimated how seeing influences the accuracy of a ridge-fitting procedure to estimate the frequencies of the oscillation modes. Provided long exposures are used to cancel some of the seeing noise, we find that seeing does not have a significantly deleterious impact unless the displacement amplitude ô is about 4" or greater. Of course, a superior method of mode isolation will be adversely affected at lower seeing amplitude. Thus seeing of the kind we have simulated may not be the limiting factor in analyzing intermediate-and moderately high-degree modes using ground-based observations from good sites. Seeing is bound to become a rapidly more serious impediment for observing modes of even higher degree, once the characteristic length scale of the oscillations becomes comparable with the seeing displacement amplitude.
Our investigation is of a preliminary nature. However, it does exhibit some of the ingredients that are necessary for a thorough study ; such a study should include many realizations of the seeing degradation to provide a better statistical appreciation of the phenomenon. Moreover, our simulations have illustrated the deficiencies of a particular ridge-fitting pro-cedure, and its sensitivity to seeing. Further thought must be devoted to this issue.
An outcome of our investigation is that seeing significantly reduces the power in the ridges, particularly at high degree. A quantitative assessment of this process is essential for estimating the amplitudes of the modes of oscillation from observations, which is necessary for testing theories of excitation and decay. The spreading of power in the l -v diagram by seeing distortions is also pertinent, for it causes estimates of mode lifetimes based on line widths to be underestimated.
An important issue that we have not addressed in this paper is the beating between unresolved modes of oscillation. This too degrades the diagnostic power of the observations. Evidently long-lived features of the solar structure might eventually be extracted by making many observations to reduce the
